Background: Listeria monocytogenes J0161, a food-borne pathogen, forms biofilm on contact surfaces, which makes the bacterium highly resistant. Biofilm formation in vivo confers resistance to antimicrobial agents, and in vitro not only increases resistance but also increases the risk of transmission of the pathogen. Biofilm formation is a complex dynamic process. The mechanism of biofilm formation is not as yet well understood. Understanding the molecular mechanism of biofilm formation will be of significance in removal of biofilms, thereby reducing the risk of transmission. Methods: L. monocytogenes cultures were grown to form biofilms on glass slides. At time intervals of 4, 12, and 24 hours, the cells were pelleted and the RNA extracted. The extracted RNA was analyzed using microarray technique and statistical tools. Results: The microarray data showed that gene expression was specifically upregulated at each time interval. About 159, 40, and 184 genes were upregulated at 4, 12, and 24 hours, respectively. An ascending and descending pattern of gene upregulation was identified. Conclusion: We report specific genes for biofilm growth of L. monocytogenes that were upregulated at particular time intervals. The role of specific genes in the formation of biofilms by L. monocytogenes J0161 can be studied using these data.
Introduction
Listeriosis a zoonotic bacterial disease that has emerged as a major food-borne disease during the past two decades, and has a high case fatality rate of approximately 20%-30%. 1 Listeriosis, as an important cause of severe illness accounts for 3.8% of hospitalizations for food-borne disease and 27.6% of deaths due to food-borne illness. 2 The severity of the disease includes meningitis, septicemia, and abortion. The risk of listeriosis is greatest among certain well defined high-risk groups, including pregnant women, neonates, and the elderly, but may occasionally occur in persons who have no predisposing underlying condition. 1 There have been more than 20 outbreaks of listeriosis in different parts of the globe since 1981, and involving different types of food. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The disease is caused by Listeria monocytogenes. The pathogen gains entry into a food-processing facility and survives by forming microbial community niches known as "biofilms". [13] [14] [15] It has been reported that biofilm formation by L. monocytogenes is the major cause of transmission of the pathogen. 16 Biofilm formation increases the resistance of the pathogen to antimicrobial agents and also increases resistance to environmental stress. 17 Once established as a biofilm, removal of L. monocytogenes becomes a challenge. 18 Biofilm formation is a multiphase complex process, starting with attachment of a cell to a surface, followed by irreversible adherence, and multiplication and growth to form a threedimensional structure. This phase-wise development of a biofilm is therefore a time-dependent process. Understanding the complexity of the process of biofilm formation has been a long-standing issue. It is believed that understanding of the mechanism behind biofilm formation will yield answers to many intriguing questions, from the very objective and need for biofilm formation by a microbe to ways and means of getting rid or making use of biofilms. 19 Therefore, it is essential to understand fundamentally the basic phenomenon, in particular the expression of genes that contribute to the formation of biofilm and are otherwise different from laboratory-grown cultures, broth, or a colony.
Here we report on the variations in gene expression of L. monocytogenes and patterns studied by microarray at different time intervals in biofilm formation. We chose to work on the microarray gene expression pattern of the J0161strain of L. monocytogenes, which is a human isolate of serotype 1/2a, and this adds to the significance of our study. We report on the genes that were upregulated specifically at 4, 12, and 24 hours.
Materials and methods

Bacterial strains and culture conditions
The J0161strain of L. monocytogenes was selected for study because its complete transcriptome was available and annotated in the L. monocytogenes database held at the Broad Institute. Further, amongst the strains that were annotated and for which the transcriptome was available, the J0161 strain had the highest percentage (78.5%) of annotated genes (2335 of 2973 gene transcripts).
The J0161 L. monocytogenes strain was obtained from the Agriculture Research Services, United States Department of Agriculture, and grown both in broth and as biofilm. Biofilms were grown as pure culture on three different slides for studying gene expression after set time periods of incubation, ie, at 4, 12, and 24 hours.
A pure culture of L. monocytogenes J0161 was grown in broth as well as biofilm using tryptone soy broth as the growth medium. L. monocytogenes in broth was grown for 24 hours at 37°C, and as biofilms for 4, 12, and 24 hours at 37°C on glass slides. The broth culture was used as a reference/control sample.
The culturing technique used for biof ilm formation involved a static batch culture method, in which the experimental setup was incubated without nutrient replenishment at the defined time interval of the study after introducing the inoculum. Static batch cultures of this type have recently been reported to be an excellent method for genetic screening and for understanding the signals that trigger the transition of planktonic cells to form biofilms. 20 In our earlier experiments to enumerate the cells in biofilms grown using the static batch culture method, we observed a trend of cell count that was typical of a standard growth curve (data not shown), and peaked at 12 hours. The cell count after 12 hours of incubation was fluctuating until 24 hours of incubation. There was a decline in the cell count after 24 hours. A similar pattern was observed by Chavant et al. 21 Therefore, based on our observation and inferences, we designed our experimental setup to study the gene expression pattern, taking into account the fact that the expression pattern at 4, 12 and 24 hours would depict gene expression at different stages of biofilm formation. We considered 4 hours of incubation as the stage of irreversible attachment, 12 hours as the stage of formation of microcolonies, and 24 hours as the peak stage of fruiting biofilm bodies.
In evaluating the kinetics of biofilm formation, Beresford et al 22 had reported the attachment of Listeria cells as early as 2 hours, but our attempts to extract RNA completely at incubation times earlier than 4 hours did not yield the requisite volume (less than 50 ng) and/or concentration (,6 ng/µL) for downprocessing by microarray. Hence the decision was made to study the expression pattern after 4 hours of incubation at the earliest.
Microarray studies rnA extraction and evaluation
Cells were pelleted after 4, 12, and 24 hours of incubation as biofilms. Similarly, cells in pure culture broth (reference/ control) were pelleted after 24 hours of incubation. The pelleted cells were washed with phosphate buffer solution. The cells were then further processed for RNA extraction using a Ribo pure bacteria kit (Ambion ® , Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The concentration and purity of the RNA extracted were evaluated using a bioanalyzer (Agilent 2100, Santa Clara, CA), and absorbance readings at 260 nm and 280 nm were performed using a Nanodrop spectrophotometer (ThermoScientific 1000, Hudson, NH). The concentration of the RNA extracted was evaluated using the bioanalyzer, while the purity of the RNA extracted was determined using the standard procedure of measuring A 260 and A 280 on the Nanodrop spectrophotometer. 
Probe and microarray slide design
An Agilent Listeria monocytogenes 8 × 15 k (Amadid 030831) custom gene expression microarray designed by Genotypic Technology Pvt Ltd (Bangalore, India) was used for the experiment. The array consists of 15,000 probes of 60 mer length and contains 2973 unique transcripts obtained from the L. monocytogenes database at the Broad Institute.
RNA labeling, amplification and hybridization
Poly (A)-tails was added to the 3′ end of RNA using an A-plus Poly (A) polymerase tailing kit (Epicentre Biotechnologies, Madison, WI). The samples were then labeled using an Agilent Quick Amp Kit Plus, and 500 ng of polyadenylated RNA was reverse-transcribed using an oligodT primer tagged to the T7 promoter sequence. The cDNA thus obtained was converted to double-stranded cDNA in the same reaction. Further, the cDNA was converted to cRNA in the in vitro transcription step using T7 RNA polymerase enzyme, and Cy3 dye was added into the reaction mix. During cRNA synthesis, Cy3 dye was incorporated into the newly synthesized strands. The cRNA obtained was purified using Qiagen RNeasy columns. The concentration and amount of dye incorporated was determined using the Nanodrop spectrophotometer. Samples that passed quality control for specific activity were taken for hybridization, and 600 ng of labeled RNA was hybridized on the array.
Hybridization, scanning, and data analysis
Following amplification, the cRNA was hybridized using the Agilent gene expression hybridization kit in Sure hyb chambers (Agilent) at 65°C for 16 hours. The hybridized slides were washed using Agilent gene expression wash buffer. The hybridized washed microarray slides were then scanned on a G2505C scanner (Agilent) and the images were quantified using feature extraction software (version 10.5.1.1, Agilent). The raw data extracted were analyzed using GeneSpring GX version 11.0 software from Agilent. Normalization of the data was done in GeneSpring GX using the 75th percentile shift (percentile shift normalization is a global normalization, where the locations of all the spot intensities in an array are adjusted). This normalization takes each column in an experiment independently, and computes the nth percentile of the expression values for the array across all spots (where n has a range of 0-100 and n = 75 is the median). It subtracts this value from the expression value of each entity normalized to specific control samples. Significant genes upregulated and downregulated by at least one-fold within the samples with respect to the control sample were identified. Differentially regulated genes were clustered using hierarchical clustering based on the Pearson coefficient correlation algorithm to identify significant gene expression patterns (the clustering algorithm measures the similarity or difference between genes or conditions).
Pathway annotations
All pathway and gene ontology function data for the available strains of L. monocytogenes and the protein sequences for available pathway data were collected from Uniprot. Transcript sequences for L. monocytogenes J0161 were BLASTed against the protein database. All the significant genes showing hits greater than 90% identity were selected for pathway annotation.
Microarray data accession number
The microarray data have been deposited and made available at the Gene Expression Omnibus database under the accession number GSE27936 (http://www.ncbi.nlm.nih.gov/geo).
Validation by quantitative PCr
To validate our microarray data, we performed real-time polymerase chain reaction (PCR) to determine the gene expression pattern of Prf A (LMOG_03055T0), glycoprotein (gp)49 (LMOG_02949T0), chitinase (LMOG_01358T0), and penicillin-binding protein gene (LMOG_00981T0) at different time points (4, 12, and 24 hours). Total RNA was extracted from independent biofilm cultures at 4, 12, and 24 hours, respectively, using AM-1925 (Ambion). DNasetreated RNA was used to synthesize cDNA using an Affinity Script quantitative PCR cDNA synthesis kit (Agilent). Relative quantification by quantitative PCR was done using an Invitrogen Power SYBR Green PCR Master Mix. The experiment was conducted using a Stratagene M × 3005P (Agilent) platform. The sequences and length of the primers used are as shown in Table 1 . The relative gene expression levels were determined after normalizing with GAPDH as the reference gene using the Delta CT method.
Results
The results obtained from the study were analyzed and are shown with the emphasis on understanding the specific genes expressed at a higher level than the reference sample (after 24 hours of broth culture at 37°C) at different stages of biofilm formation. Further, genes showing a gradual increase in upregulation or downregulation at every stage of biofilm submit your manuscript | www.dovepress.com
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formation have been identified. Figure 1 compares variation in the L. monocytogenes J0161 gene expression pattern at different stages of biofilm formation with that of the reference sample at 24 hours of broth culture. Figure 2 is a Venn diagram showing the upregulated genes for the whole transcriptome of L. monocytogenes J0161 at different stages of biofilm formation (4, 12, and 24 hours) and that at 24 hours of broth culture. The diagram compares the genes upregulated at specific intervals of biofilm formation and genes upregulated at all three time intervals of biofilm formation.
Upregulation of genes as a function of time
More than 150 genes were upregulated after 4 hours of incubation for biofilm formation, three of which showed a more than two-fold upregulation in expression. While two of them are hypothetical protein coding genes (http://www.broadinstitute.org/annotation/genome/listeria_group/MultiHome. html), the third is a "thioredoxin" gene (LMOG_00491T0) known for its role in the response to oxidative stress. 23, 24 Further analysis of the hypothetical proteins revealed that one of them (LMOG_00557T0) is likely to be involved in oxidationreduction (http://www.uniprot.org/), as shown in Table 2 . At 12 hours, the number of upregulated genes decreased to 40. Three of these 40 genes showed more than a two-fold increase in expression, with the "M protein transacting positive regulator" (LMOG_01126T0) showing at least a three-fold increase in expression. The other two genes were PTS system galactitol-specific enzyme IIB component (LMOG_01128T0) and a hypothetical protein (LMOG_02496T0), as shown in Table 3 .
After 24 hours of incubation for biofilm formation, more than 150 genes were upregulated, of which 24 were showing more than two-fold gene expression. Among the 24 genes that showed more than two-fold gene expression, nine were glycoprotein genes, ie, gp43, 11, 37, 39, 15, 44, 63 , and 22 (LMOG_03098T0, LMOG_03129T0, LMOG_03097T0, LMOG_03100T0, LMOG_03133T0, LMOG_03099T0, LMOG_03115T0, and LMOG_03140T0, respectively), while five of them were hypothetical protein genes (Table 4) .
Our results show incremental upregulation of genes over time. Apart from the transcripts that were specifically upregulated at a particular time interval, a total of 836 genes showed a gradual increase in expression with time (from 4 to 24 hours of incubation). Further, there were variations in the expression levels among these genes. A significant upregulation of at least six-fold in the expression of gp49 (LMOG_03104T0) was observed at 4-24 hours, while 8, 20, and 44 genes were upregulated by five-fold, four-fold, and three-fold, respectively. Proteins of the glycoprotein family comprised the majority of the transcripts prominently exhibiting this trend (Tables 5 and 6 ). More than 70% of the genes downregulated at 4-24 hours of incubation were related to sugar metabolism and transport (Tables 7 and 8 ). Sets of 129 transcripts were upregulated at incubation time intervals of 4, 12, and 24 hours as biofilms ( Table 9 ). It is noteworthy that these genes were upregulated only during growth as biofilms but not in broth.
Quantitative PCR was done on Prf A (LMOG_03055T0), gp49 (LMOG_02949T0), chitinase (LMOG_01358T0), and penicillin-binding protein gene (LMOG_00981T0) genes to validate the expression pattern observed using the microarray data. In the microarray data, genes for both PrfA and chitinase showed a trend of descending regulation over time, while the genes for gp49 and penicillin-binding protein gene showed an incremental pattern of expression. The quantitative PCR data for the target genes showed a similar pattern of expression to that observed in the microarray data ( Figures 3, 4 , 5, and 6).
Discussion
Biofilm formation is a multiphase dynamic process, beginning from the stage of initial attachment to its development and dispersion. Cells in the biofilm formation stage are different from culture-grown planktonic cells. 15 When a microbial culture is introduced into a medium, the bacterial cells adhere to the available contact surface, eventually forming an irreversible attachment. Thereafter, the cells grow in number to develop into a mature biofilm. Fully formed/ mature biofilms, which are often multilayered structures, burst to disperse cells from within the biofilm. These dispersed cells, in turn, settle down at remote sites on a contact surface and develop further into independent biofilm. Despite the enormous amount of data available on biofilm physiology, the molecular level dynamics governing the various stages of biofilm development are not well understood. Given the phenotypic differences between biofilms and planktonic cells, the metabolic pathways and gene expression of the sessile biofilm cells are likely to be different. Using microarrays, Yi et al 25 have reported on the role of a particular regulatory protein in biofilm formation by yeasts. In this study, we have analyzed time-dependent gene expression data to delineate the probable role of genes at different stages of biofilm formation.
Several earlier studies have reported such time-dependent expression. Hautefort et al 26 have reported simultaneous time-dependent expression of three type 3 secretion systems in Salmonella enterica. In another study, Chan et al 27 have shown differential gene expression at fixed time intervals (log and stationary phases) of L. monocytogenes growth when cultured in broth at 4°C and 37°C under given conditions. However, there are no studies directed towards understanding the time-dependent gene expression pattern of L. monocytogenes in biofilm. For the first time, we have demonstrated specific genes that are upregulated or overexpressed and downregulated or poorly expressed during particular stages of biofilm growth. We have also tried to ascertain the generic function of genes active at a particular stage of biofilm formation. To represent the gene expression pattern, we have used L. monocytogenes J0161 gene expression over 24 hours in broth culture as a reference.
As compared with L. monocytogenes J0161 gene expression after 24 hours of broth culture, about 159 gene transcripts were specifically upregulated after 4 hours of biofilm formation. Upregulation by more than two-fold was observed in only three of the total number of genes upregulated, and among them were two gene transcripts that were related to oxidative stress at hour 4 of incubation. Oxidative stress in biofilm has been directly linked to diversity within the biofilm in Pseudomonas aeruginosa. 28 The mechanism of submit your manuscript | www.dovepress.com diversity caused by oxidative stress is attributed to doublestranded DNA breaks that cause breaks in the whole genome and repair thereafter, leading to mutagenic variants. 23 Oxidative stress has also been attributed to increased antibiotic resistance in P. aeruginosa. Even though we could not observe any discernible increase in antibiotic resistance in terms of related gene expression patterns from our data, At hour 12 of biofilm formation, only about 40 gene transcripts were upregulated. Expression of the upregulated genes except for M-protein transacting factor was less than three-fold. M-protein transacting factor has a probable role in regulation of surface protein expression, and was the only significantly upregulated gene at hour 12 of biofilm formation. At later stages of biofilm formation, cell-cell communication is largely mediated via signal transduction mechanisms, and surface proteins are key players. We speculate that upregulation of a gene involved in expression of surface proteins establishes its role in biofilm cell communication. Further studies involving knockout of these genes will help broaden our understanding of their role(s) in biofilm formation.
In our study, 20 genes showed more than a two-fold increase in expression at 24 hours of biofilm formation. Of these 20 genes, nine were glycoproteins and five were hypothetical proteins. Among the four genes that showed more than a three-fold increase in expression, two were hypothetical proteins, and one was gp43. Apart from the genes that were upregulated specifically at fixed time intervals, we also report on the genes that showed a pattern of fluctuating levels of upregulation. Some genes were either not upregulated or minimally upregulated at 4 hours of growth, but were increasingly upregulated after 12 and 24 hours. Similarly, a group of genes was markedly upregulated at 4 hours, but was downregulated after 12 and 24 hours. An interesting observation in this respect is the expression pattern for glycoproteins, which have been reported to have varied functions, ranging from cell adhesion to cellto-cell signaling. 30, 31 Glycoprotein expression, as observed in our study, is of significance for the reason that a set of 12 glycoproteins showed an ascending pattern of upregulation over time. For instance, gp49, a putative gene transcript with an unknown function, is expressed with an ascending order of more than six-fold variation from 4 to 24 hours. The glycoprotein expression pattern specifically in biofilm but not in broth culture signifies a clear role of glycoproteins in biofilms. Glycoproteins have been reported to play a role in cell-to-cell signaling and communication. The ascending trend of glycoprotein expression in biofilm is suggestive of a similar role of cell-to-cell communication/ signaling. Cell-to-cell communication for quorum sensing in biofilms is critical. Though we report specific genes that were upregulated at a particular time of biofilm growth, we could not fully understand or implicate the role of these genes in biofilm formation. Knockout studies would help to clarify the role of these genes further. 
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